Objective-To compare the value and limitations of exercise testing, dipyridamole echocardiography, dobutamineatropine echocardiography, and MIBI-SPECT (technetium-99m methoxyisobutyl nitrile single photon emission computed tomography) during dobutamine infusion in the diagnosis of coronary artery disease. Design-The performance of these four tests was assessed in random order on a consecutive cohort of patients. The presence or absence of coronary artery disease was confirmed by coronary angiography. Setting-Two tertiary care and university centres. Patients-102 consecutive patients with chest pain and no previous history of coronary artery disease. Ten patients with left bundle branch block were excluded for further analysis of exercise testing and scintigraphy results. Results-MIBI-SPECT was the most sensitive (87%) but the least specific test (70%). Exercise stress testing had a sensitivity of 66%, which increased to 80% when patients with inconclusive results were excluded. Dipyridamole and dobutamine echocardiography had similar sensitivity (81%, 78%) and specificity (94%, 88%). All four tests had similar accuracy and positive and negative predictive values. Agreement between the echocardiographic techniques was excellent (detection of coronary artery disease 87%, = 0.72; regional analysis 93%, = 0.72; diagnosis of the "culprit" vessel 95%, = 0.92), and it was good between echocardiographic techniques and MIBI-SPECT (diagnosis of the culprit vessel 90%, = 0.84 with dobutamine and 92%, = 0.85 with dipyridamole). Conclusions-Exercise stress testing has a sensitivity comparable to other tests in patients capable of exercising and with no basal electrical abnormalities. The greatest sensitivity is oVered by MIBI-SPECT and the greatest specificity is obtained with stress echocardiography. Redundant information is obtained with dipyridamole echocardiography, dobutamine echocardiography, and MIBI-SPECT.
The non-invasive diagnosis of coronary artery disease is based on the detection of abnormalities in perfusion, metabolism, contractility, electrocardiography, or clinical status provoked by diVerent types of stress. By combining a technique to detect those abnormalities with a stress agent, many types of stress test have been developed. Electrocardiographic monitoring during exercise is the most popular and widely performed of these because its indications and limitations are well known. Exercise stress testing is of no value, however, in patients who are unable to exercise, who are poorly motivated, or who have baseline electrical abnormalities.
DiVerent techniques for the diagnosis of coronary artery disease have been compared. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Nevertheless, an ideal stress test has not yet been found. Definitive conclusions cannot be drawn from these studies for the following reasons: (1) they have failed to include either exercise 4 5 9-11 13 14 or scintigraphy 1-8 for comparison; (2) they have failed to consider drugs which alter oxygen supply 2 3 5 11 13 15 or demand 1 9 10 14 ; (3) they have not specifically evaluated the implications of antianginal treatment [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ; (4) they have not examined the agreement between the tests [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ; (5) trials have been composed of heterogeneous populations including patients with previous myocardial infarction or known coronary artery disease 1-3 6 7 ; (6) coronary angiography has not been performed in every patient to confirm the presence of coronary artery disease. 14 15 With these considerations in mind, we undertook an investigation in which exercise stress testing, dipyridamole echocardiography, dobutamine echocardiography, and MIBI-SPECT (technetium-99m methoxyisobutyl nitrile single photon emission computed tomography) during dobutamine infusion, together with coronary angiography, were performed on a consecutive group of patients with chest pain and no previous history of coronary artery disease.
Methods

STUDY PATIENTS
Our population is composed of 102 consecutive patients (50 men and 52 women; mean (SD) age, 64 (10) years) with typical chest pain and no previous history of coronary artery disease. To obtain a homogeneous study group, restricted enrolment criteria had to be fulfilled. The following precluded inclusion in the study: previous myocardial infarction; Q wave on ECG; previous revascularisation; previous positive stress test (exercise, echocardiography, or scintigraphy); previous angiographically proven coronary artery disease; unstable angina not controlled by medical treatment; cardiac failure; congenital or valvar heart disease; cardiomyopathy.
A detailed history revealed chest pain on exertion in 14 patients, at rest in 53, and both on exertion and at rest in 35. Though we advised that antianginal drugs should not be given, where treatment had been started by the referring physician it was continued and the tests were carried out on the same drug regimen. There were 59 patients oV treatment and 43 on treatment (nine on blockers, 25 on calcium antagonists, and nine on both). Short acting nitrates were given as necessary. Sustained release nitrates were not used.
Tests were performed on diVerent days and in random order within a period of seven days. Coronary angiography was performed after the tests in all cases, irrespective of the results obtained with the non-invasive techniques. No events occurred during the study period in any patient. Informed consent was obtained in each case.
EXERCISE STRESS TEST
A motor driven treadmill test was performed on all patients following a standard Bruce protocol. Blood pressure measurement and a 12 lead ECG were done before exercising and every three minutes during the test. Classic criteria for positivity were used-that is, more than 0.1 mV of ST segment depression from baseline at 0.08 seconds from the J point.
DRUG INFUSION PROTOCOLS
A dose of 0.84 mg/kg of dipyridamole was infused over six minutes. The development of myocardial ischaemia was reversed by intravenous aminophylline (240 mg over one to three minutes) and glyceryl trinitrate if necessary.
Initially, dobutamine was injected at a dose of 10 µg/kg/min. Increments of 10 µg/kg/min were given every three minutes up to a total dose of 40 µg/kg/min, which was then maintained for six minutes. At this point, atropine (1 mg) was infused if the test was still negative and if 85% of the maximum predicted heart rate had not been reached. Propranolol (0.5-1 mg) was given intravenously if a positive response appeared. Intravenous glyceryl trinitrate was infused when needed.
Technetium-99m methoxyisobutyl nitrile (MIBI; 20 mCi) was injected one minute before cessation of the dobutamine infusion.
Situations that led to premature termination of dipyridamole or dobutamine infusion were as follows: achievement of maximal heart rate; new wall motion abnormalities; systolic blood pressure above 220 mm Hg; diastolic blood pressure above 120 mm Hg; sustained ventricular arrhythmias; symptomatic hypotension; severe angina; ST depression more than 3 mm or elevation more than 2 mm.
ECHOCARDIOGRAPHIC EXAMINATION
Cross sectional echocardiographic monitoring was performed during drug infusion and up to 10 minutes after the infusion was stopped.
Commercially available machines were used. Parasternal long and short axis views and apical four and two chamber views were obtained to look for new wall motion abnormalities. Blood pressure was measured and a 12 lead ECG obtained at baseline, every three minutes during the infusion, and when required by the echocardiographer.
For purposes of analysis, the left ventricle was divided into seven segments: proximal septum, distal septum, apical, anterolateral, posterolateral, posterobasal, and diaphragmatic. This is a simplified classification based on that proposed by the American Society of Echocardiography in which the coronary anatomy is taken into account. 16 Thus, both septal, apical, and anterolateral segments were assigned to the left anterior descending coronary artery, the posterolateral to the circumflex artery, and the diaphragmatic and posterobasal to the right coronary artery.
Segmental wall motion at the baseline examination was studied and graded as normal, mild hypokinesia, severe hypokinesia, akinesia, and dyskinesia. A positive response was defined as the appearance of areas of transient asynergy that were absent or of lesser degree before drug infusion. The development of dyskinesia in a previously akinetic segment was not considered a positive response but a mechanical eVect. Tc-SESTAMIBI, tomographic imaging was performed. Resting examination was done on a diVerent day with a second dose. A Siemens Orbiter gamma camera with a high resolution collimator was used to obtain the images. Thirty two views were collected by using a 64 × 64 acquisition matrix for 35 seconds each over 180°, from 45°l eft posterior to 45°right anterior oblique projections. Images were reconstructed using back projection with a Butterworth filter. For a better comparison of stress echocardiography and scintigraphy, scintigraphic segmentation corresponded to that used for echocardiography. Qualitative analysis was carried out and regions were classified as having normal perfusion, a stress induced perfusion defect, or a fixed perfusion defect. Both types of defects were considered positive responses for the presence of coronary artery disease.
CORONARY ANGIOGRAPHY
All patients underwent selective coronary arteriography by the Judkins technique with multiple projections. Coronary angiograms were evaluated by hand held electronic calipers. Significant coronary stenosis was considered when there was at least a 50% reduction in the luminal diameter in one or more of the major vessels or in their main branches.
ANALYSIS OF TESTS RESULTS
All tests were analysed by two independent and experienced observers who were blind to the clinical data and unaware of the results of the other tests. In cases of disagreement (exercise stress test, one case; dipyridamole echocardiography, two cases; dobutamine echocardiography, three cases; scintigraphy, two cases), a third observer was required and this person's opinion was binding.
For echocardiography analysis, we stored the images on videotapes in conventional motion format with the possibility of frame by frame analysis. These were then analysed qualitatively by two experienced observers (both had analysed more than 200 studies).
STATISTICS
Quantitative variables are expressed as mean (SD) and were compared by the Student's t test. Qualitative variables are expressed as percentages and were compared with the 2 test. The Fisher test was used when indicated. Statistical significance was set at a probability (p) value of < 0.05. A p value between 0.05 and 0.1 was considered to approach significance. Sensitivity, specificity, positive and negative predictive value, and accuracy were calculated according to standard definitions. Agreement between tests was defined as the percentage of concordant results (positive and negative). With regard to regional analysis, agreement was defined as the percentage of segments with concordant response to the drug (asynergy and perfusion defect versus normal movement and normal perfusion). Kappa ( ) was measured to assess the agreement excluded that expected by chance; values over 0.70 were considered indicative of good agreement, those between 0.40 and 0.70 indicative of moderate agreement, and those under 0.40 of poor agreement.
Results
Overall results obtained with the diVerent tests are shown in table 1.
SENSITIVITY
Coronary angiography identified 66 patients with coronary artery disease: 10 with three vessel, 24 with two vessel, and 32 with one vessel disease. Echocardiographic monitoring detected transient asynergy in 54 of the 66 during dipyridamole infusion (sensitivity 81%) and in 52 during dobutamine-atropine infusion (sensitivity 78%) (18 needed atropine). To analyse results of exercise testing and MIBI-SPECT, we excluded the 10 patients with left bundle branch block (four of these had coronary artery disease). Exercise stress testing was positive in 41 of the 62 patients with coronary artery disease. Sensitivity of exercise testing was therefore 66%. Finally, 54 patients with coronary artery disease had perfusion abnormalities (sensitivity of MIBI-SPECT 87%). These results show that perfusion scintigraphy was the most sensitive test (p = 0.01 compared with exercise test), although no statistical diVerences were found when compared with the echocardiographic techniques.
We studied sensitivity in several subsets of patients (table 2) in order to identify the most helpful test in a specific clinical setting.
"Conclusive" exercise test Ten patients had left bundle branch block. Of the remaining 92 patients, 22 had an inconclusive exercise stress test. There were 16 patients who did not achieve the 85% of the maximum predicted heart rate, while basal abnormalities of ECG which did not allow interpretation were present in six. When patients with inconclusive tests were excluded from the analysis, the sensitivity of exercise testing increased to 80% (41/51 patients with disease). No statistical diVerences were found in the remaining tests with regard to sensitivity.
SPECIFICITY
Thirty six patients were considered not to have coronary artery disease. Six of these had left bundle branch block. Negative test results were obtained in 24 of the remaining 30 patients with exercise testing (six positives: three with ECG alterations and three with both ECG abnormalities and chest pain) and in 21 with MIBI-SPECT. Dipyridamole echocardiography was negative in 34 of the 36 patients, and dobutamine echocardiography in 32. Thus both echocardiographic techniques had similar specificity (94% with dipyridamole and 88% with dobutamine), and this was greater than with exercise stress testing (80%; p = 0.06 v dipyridamole test) and scintigraphy (70%; p < 0.05 v both echocardiographic tests). The specificity of exercise stress testing and scintigraphy were similar. For detection of presence or absence of coronary artery disease, a moderate overall agreement was obtained between exercise stress testing and pharmacological stress echocardiography: 75% with dipyridamole ( = 0.49) and 72% with dobutamine-atropine ( = 0.43). Scintigraphy had a 72% agreement with exercise stress testing ( = 0.48), 77% ( = 0.53) with dobutamine echocardiography, and 82% ( = 0.61) with dipyridamole echocardiography. A good agreement was found when dipyridamole and dobutamineatropine were compared (87%; = 0.72). On regional analysis, there was agreement between dipyridamole and dobutamineatropine echocardiography in 644 of the 693 segments studied (93%; = 0.72). MIBI-SPECT showed 86% agreement (552 segments; = 0.65) with dobutamine, and 84% with dipyridamole (539 segments; = 0.63). Twenty one poorly visualised segments from 17 patients (13 patients with one segment and four with two segments) were excluded from the analysis.
Finally, analysis of concordance for diagnosis of vessel disease was carried out in patients with positive echocardiographic and scintigraphic responses. Asynergies provoked by dipyridamole and dobutamine-atropine appeared in territories nourished by the same artery in 95% of cases ( = 0.92). Regarding MIBI-SPECT, perfusion defects and asynergies were considered to be dependent on the same artery in 90% of cases with dobutamine echocardiography ( = 0.84) and 92% with dipyridamole echocardiography ( = 0.85).
HAEMODYNAMIC RESPONSE Table 3 shows the heart rate, systolic blood pressure, and double product (heart rate × systolic blood pressure) achieved with the diVerent types of stress. Results of all these variables were lower with dipyridamole than with exercise and dobutamine. The double product obtained with exercise was higher than with dobutamine because of the higher systolic blood pressure achieved. Heart rate at peak stress during exercise and dobutamine was similar.
SIDE EFFECTS
Minor side eVects such as palpitations, headache, flushing, or nausea appeared in 36 patients during dipyridamole infusion (36%) and in 35 during dobutamine infusion (35%). Non-sustained supraventricular and ventricular arrhythmias developed more often with dobutamine than with dipyridamole (8% v 3%; p = 0.07). The incidence of major complications was greater during dobutamine than during dipyridamole (8% v 3%; p = 0.07). The following were considered to be major complications: left heart failure (one patient with dobutamine, one with dipyridamole), severe symptomatic hypotension (two with dobutamine, two with dipyridamole), severe hypertension (three with dobutamine, none with dipyridamole), and sustained ventricular tachycardia (two with dobutamine, none with dipyridamole).
Discussion
This study was designed in a rigorous fashion to compare the role of diVerent non-invasive techniques available for clinical use in the diagnosis of coronary artery disease. We therefore chose those techniques that best represent the current diagnostic armamentarium. Exercise stress testing is still considered the first step in a rational diagnostic approach. For stress echocardiography we chose dipyridamole and dobutamine because they have both been extensively validated, 1-3 though it is not clear whether either is superior 18 -for example, Salustri et al claimed that dipyridamole was the better of the two, 5 while Beleslin et al preferred dobutamine. 7 We did not include adenosine echocardiography for the following reasons: side eVects are almost universal 19 ; its diagnostic accuracy has been shown to be less than that of dobutamine 4 11 ; and its short half life may preclude the development of transient asynergy or its identification if it does appear. There is increasing recognition that 99m Tc-MIBI is an excellent perfusion marker for myocardial imaging and that SPECT oVers a three dimensional reconstruction of the heart, permitting identification of perfusion heterogeneity in specific coronary regions.
Based on the pathophysiological continuum termed the "ischaemic cascade", 20 perfusion techniques would detect early phases of mismatch between oxygen supply and demand, and should therefore be more sensitive than echocardiography and exercise stress testing. However, early phases of mismatch might not be accompanied by ischaemia, and so specificity should be higher with the latter approaches. Our results confirm these theoretical considerations. MIBI-SPECT was more sensitive (87%) than dipyridamole (80%) and dobutamine echocardiography (78%) or exercise stress testing (66%). On the other hand, the specificity of pharmacological stress echocardiography (94% for dipyridamole and 88% for dobutamine) was greater than that of scintigraphy (70%). Values are mean (SD). *Heart rate × systolic blood pressure.
group 21 In this study, 32 patients (32%) had an inconclusive result with exercise testing. Twenty two patients did not exercise long enough to achieve the target heart rate and 10 had left bundle branch block. In patients who exercised suYciently and had interpretable ECGs, the sensitivity was similar to the remaining techniques. Thus exercise stress testing oVers a high degree of accuracy in patients with a "conclusive" result-in other words, no further procedure is required for diagnostic purposes. It should be recognised, however, that false positive results can be encountered in women 22 and in hypertensive patients. 23 In such individuals, pharmacological stress echocardiography maintains high specificity. 12 22 24 DIPYRIDAMOLE VERSUS DOBUTAMINE Dipyridamole and dobutamine, in combination with echocardiography, are both of value in identifying patients with ischaemic heart disease. Which of these two drugs, if either, is preferable when searching for asynergy remains to be settled, and investigators have reported diVering results. 4-8 18 Such discrepancy is likely to be related to diVerent enrolment criteria, the use of antianginal agents, or diVerent drug infusion protocols. The inclusion of patients with known coronary artery disease tends to overestimate the sensitivity of the test assessed 25 and can bias the results. Thus conclusions cannot be applied to a general population. It has recently been shown that the addition of atropine when a dipyridamole test is negative enhances the sensitivity of dipyridamole echocardiography without decreasing its specificity. 26 Major side eVects were slightly more common with dobutamine than with dipyridamole infusion, as reported by others. 6 The three most extensive studies dealing with complications during dipyridamole 27 or dobutamine administration 28 29 further extend our results. Combining the results of all these studies, dipyridamole provoked severe arrhythmias in 0.17% of patients, compared with 7% with dobutamine, while dipyridamole infusion had to be interrupted prematurely because of major side eVects in only 0.6% of patients, in contrast with 7% during dobutamine.
The good agreement in detecting the presence or absence of both coronary artery disease and regional asynergy indicates that redundant rather than complementary information is provided by these two pharmacological tests; furthermore, in respect of regional analyses, the agreement was excellent not only for segments but also when the "culprit" coronary artery was considered. Our results suggest that these two tests should not both be used in the same patient for diagnostic purposes.
ECHOCARDIOGRAPHY VERSUS SCINTIGRAPHY
Stress echocardiography and scintigraphy seek diVerent end points-ventricular asynergy and perfusion abnormalities, respectively-but with a common purpose: the identification of coronary artery disease. Patients with perfusion abnormalities (positive scintigraphy) and no ventricular asynergy (negative echocardiography) have an imbalance strong enough to create perfusion abnormalities but not to precipitate ventricular asynergy. Whether there is heterogeneity of perfusion with no ischaemia or with ischaemia that is too slight or too brief to be detected by current echocardiographic techniques is far from clear. It has recently been suggested that the presence or absence of ventricular asynergy during dobutamine infusion is not related to the extension of perfusion abnormalities. 30 Other investigations, nevertheless, support the view that the development of asynergy during dobutamine infusion defines a group of patients with more severe perfusion abnormalities detected by MIBI-SPECT. 31 The limitations of scintigraphic techniques in patients with hypertension and left ventricular hypertrophy 32 and with left bundle branch block 33 are well known. Several studies have demonstrated that stress echocardiography is to be preferred in these subgroups of patients. 12 23 Some investigators have compared stress echocardiography with scintigraphy. 9-13 34 A slightly higher sensitivity and lower specificity of scintigraphic techniques is in agreement with our experience. One study 35 reported a sensitivity of 58% with dipyridamole echocardiography and 95% with dipyridamole-thallium scintigraphy. The discrepancy with the other published reports is explained by the use of a lower dose of dipyridamole (0.56 mg/kg) instead of the high dose protocol (0.84 mg/kg), which has shown that sensitivity can be increased without reducing specificity. 1 A moderate concordance was found in our study when pharmacological stress echocardiography and scintigraphy were compared. The agreement was excellent with regard to the diagnosis of the "culprit" coronary lesion. Previous studies confirm our results. 14 15 36 Again, the use of both procedures in the same patient is not advised. Since stress echocardiography is highly operator dependent, 37 the technique chosen should depend on the expertise of each centre in stress echocardiography and scintigraphy.
LIMITATIONS
One potential limitation of this study is that digitised imaging was not used. This allows side by side comparisons for detecting subtle wall motion abnormalities. It may be argued that the relatively low sensitivity of stress echocardiography could be explained by the qualitative nature of the analysis performed. However, the place of digital imaging in interpreting stress echocardiography is unresolved, some studies claiming that digital image processing is superior 38 while others have suggested similar 39 or even higher diagnostic accuracy with traditional videotape analysis. 40 Likewise, we used a semiquantitative method to score the scintigrams. It has been claimed that quantitative analysis is superior to semiquantitative analysis, but this is also controversial-for example, sensitivity has not been found to be dependent on the method used 41 42 ; in contrast, one study suggests a higher specificity with the quantitative approach 41 while another claims lower specificity. 42 We used dobutamine rather than dipyridamole for the perfusion studies. The accuracy of dipyridamole scintigraphy has been more extensively reported. Nonetheless, dobutamine infusion has been found to be as accurate as adenosine during scintigraphic studies, 11 and a high concordance has been shown in comparisons between dobutamine and exercise combined with perfusion techniques. 13 Finally, although our study was conducted on consecutive patients, our institutions are tertiary care centres and this may have biased the results since the predictive values depend on the prevalence of the disease. Therefore, results may not be applicable to a general population.
CONCLUSIONS
The non-invasive technique of choice for the diagnosis of coronary artery disease is still to be established. Available techniques all have advantages and drawbacks and none can be considered suitable for all patients. To obtain the highest eYciency with each technique we must be conscious of its limitations. Some practical conclusions can be drawn from our study: exercise stress testing is very accurate in patients with the capacity to exercise enough to achieve a "conclusive" result; scintigraphy with MIBI-SPECT is very sensitive but less specific than pharmacological stress echocardiography; redundant information is obtained with dipyridamole echocardiography, dobutamine echocardiography, and MIBI-SPECT.
